The neutron spin is a critical degree of freedom for many precision measurements using low-energy neutrons. Fundamental symmetries and interactions can be studied using polarized neutrons. Parity-violation (PV) in the hadronic weak interaction and the search for exotic forces that depend on the relative spin and velocity, are two questions of fundamental physics that can be studied via the neutron spin rotations that arise from the interaction of polarized cold neutrons and unpolarized matter. The Neutron Spin Rotation (NSR) collaboration developed a neutron polarimeter, capable of determining neutron spin rotations of the order of 10
Introduction
The determination of very small neutron spin rotations (dφ/dz ≈ 1 × 10 −7 rad/m) in the interaction of polarized lowenergy neutrons and unpolarized matter is of relevance for different reasons. Corkscrew neutron spin rotations of transversely polarized neutrons can come from the weak interaction between the neutrons and the atoms of the material they interact with.
The nucleon-nucleon (NN) weak interaction remains poorly understood due to the dominance in intensity of the strong interaction and the non-perturbative nature at low energies of the theory that describes it, quantum chromodynamics (QCD). The * libertad@fisica.unam.mx measurement of the weak coupling constants that appear in the theories that aim to describe the interaction and that cannot yet be calculated accurately [1, 2, 3] is underway by several experimental collaborations. Experiments that involve few-nucleon systems and low-energy polarized neutrons have been developed to measure PV observables that arise from the NN weak interaction [4, 5, 6] . These observables can be related to the weak coupling constants and a lot of effort has been dedicated to determine enough linearly independent combinations of them, in systems where the uncertainties related to nuclear wavefunctions are smaller than in the case of many-nucleon systems [7, 8] .
A different aspect of neutron spin rotations as a result of the interaction of neutrons with matter is the possibility to search for exotic forces. In particular for the case of forces with relatively long range (µm to cm) that depend on the spin of one (or both)
of the interacting particles, experimental constraints are scarce due to the technical challenges that macroscopic amounts of polarized matter impose on precision experiments. However, setting limits on these type of forces is important since a number of theories predict the existence of new interactions mediated by light particles with weak couplings to matter and long ranges, either as a result of broken symmetries in theories beyond the Standard Model, or from theoretical attempts to explain dark matter and dark energy [9, 10, 11] . Polarized low-energy neutrons have emerged as an effective tool to search for these type of forces since intense beams of polarized neutrons are available, their momentum transfer corresponds to the mesoscopic scale and, because of their lack of electric charge, they can pass through macroscopic amounts of matter suffering very small attenuations.
The Neutron Spin Rotation (NSR) collaboration has built a slow neutron polarimeter to measure neutron spin rotations that are of the order of tenths of micro radians per meter of traversed target material. The experimental apparatus, described in detail in [12] , has several purposes: It was first developed to measure the PV neutron spin rotation angle for polarized neutrons passing through unpolarized 4 He, however it was found that the results of the first stage of this experiment [6] could set the most stringent constraints, in the sub-cm range, for a possible PV exotic force between the neutron and matter, mediated by the exchange of a light spin 1 boson and the first upper bound on parity-odd components of possible in-matter gravitational torsion coupled to neutrons [13] . The upgraded version of the NSR apparatus, to be used to improve the measurement of the PV NSR in n-4 He (weak interaction as well as PV exotic forces) is also being used in an experiment to search for a possible parity-even exotic force between neutrons and matter that depends on the neutron spin and velocity and that is mediated by the exchange of spin 1 light bosons (meV mass range) with axial couplings [14] . This paper describes two key pieces in the NSR apparatus: the input and output coils that transport and manipulate the neutron spin before and after the target lowmagnetic-field region. In section 2 we describe the physics of adiabatic and nonadiabatic neutron spin transport as well as the magnetic field requirements for the NSR apparatus. Section 3 describes the technique, based on the magnetic scalar potential, used in the design of the coils. The characterization of the magnetic fields produced by the coils is described in section 4.
Finally, the conclusions are presented in section 5. 
with z the direction of propagation of the neutron [15] . On the other hand, if the adiabaticity condition (1) is not met, the neutron spin projection will not maintain its relative orientation with the external magnetic field. The ability to establish both adiabatic and non adiabatic conditions is important for neutron spin transport.
The NSR apparatus, described in [12] , is a neutron polarimeter that is capable of isolating neutron rotary powers that are in the shielding region has to be nonadiabatic to ensure that neutrons maintain their direction of polarization when no guiding field is present as well as to avoid leakage of magnetic fields into the magnetic shielding region. Two electromagnetic devices, the input and output coils (ic and oc), were developed to produce the magnetic fields for neutron spin transport before and after the magnetic shielding. Figure 1 shows a schematic representation of the magnetic fields.
The magnetic field produced by the input coil is
while the rotating magnetic field of the output coil can be achieved by the combination of a decreasing transverse field and an increasing vertical field,
along L the length of the coils. The plus sign corresponds to the counterclockwise rotations of the transverse component of neutron spin while the negative sign corresponds to clockwise rotations. The amplitude of these fields needs to be ∼ 4 G in order to comfortably meet the adiabatic condition for cold neutrons. Both coils need to include in their interior the input/output SM neutron guide, radiological shielding and its corresponding holding system, which has a total cross sectional area of 16.5 × 16.5 cm 2 . Additionally, the input and output coils need to be self contained, meaning that they have to control the return magnetic flux and keep it in a compact region of space.
Finally their cross section needs to be as small as possible to prevent leakage of magnetic fields into the magnetic shielding.
The magnetic scalar potential in the design of coils and the NSR I/O coils
The physical significance of the magnetic scalar potential as a 'source potential' has practical applications in designing coils to produce precision magnetic fields in situations where the geometry is complicated or the field requirements are difficult to meet using other methods [16] . Design techniques based in the inside square and ϕ 3 in the surrounding octagon. Figure   2 shows the magnetic scalar potentials used for the two regions of the endcap, so that when combined with the main coil we recover the magnetic scalar potentials ϕ 1 and ϕ 2 in the internal and external regions of the coil at the interface with the target region. The eqipotential levels, the contours (winding pattern), and the and magnetic fields for the endcaps are shown in figure   6 . The magnetic field produced by the endcaps as well as their combination with the magnetic fields of the coils along the axis are also shown in figures 4 and 5.
The output coil needs to have two layers of windings: one to produce the transverse decreasing field, which also needs to alternate polarity to produce clockwise or counterclockwise rotations of spin; and the second to produce a vertical increasing field. The input coil also needs to produce a second magnetic 6 Finally the adiabaticity parameter η, described in section 2, is calculated for the measured magnetic fields along the axis of the coils; figure 12 shows η for 5 meV neutrons for both input and output coils. As required, the neutron spin transport before (input coil) and after (output coil) the magnetic shielding is adiabatic (η << 1), however the transition with the low-magnetic- field region (exit of the input coil and entrance of the output coil) is non adiabatic.
Conclusions
The magnetic scalar potential method has been successfully applied in the design of precision coils to produce magnetic fields for slow neutron spin transport in the Neutron Spin Rota- 
